Background /Aims: The underlying mechanisms leading to focal segmental glomerulosclerosis (FSGS) are lacking. In this report, we examined the role of protease-activated receptors (PARs) subtype PAR2 and its downstream signals in regulating the pathophysiological process of FSGS. Methods: Nephropathy was induced by intravenous injections of adriamycin (ADR) in rats to study FSGS. Western Blot analysis and ELISA were employed to determine the protein expression levels of PAR2 and its downstream signal pathways as well as the levels of PICs. Results: In ADR rats, expression of PAR2, PKCε and PKA was amplified and this was accompanied with increases of pro-inflammatory cytokines (PICs) including IL-1β, IL-6 and TNF-α. Inhibition of PAR2 signal by systemic administration of FSLLRY-NH2 (FSL) attenuated amplification of PICs. Notably, FSL further influenced key molecular mediators during development of FSGS. i.e., it specifically restored the impaired nephrin and attenuated the exaggerated transforming growth factor beta 1 (TGF-β1), caspase-9 and desmin thereby improving worsened renal functions and glomerular injury. Consistent with this, in cultured podocytes FSL also largely restored downregulation of nephrin and attenuated amplifications of caspase-9 and desmin induced by TGF-β1. Conclusions: Results of this study suggest that PAR2 plays an important role in mediating renal injury induced by glomerulosclerosis. Inhibition of PAR2 signal pathway has a protective effect on FSGS mainly via PIC and TGF-β1 mechanisms. Targeting one or more of these signaling molecules may present new opportunities for treatment and management of FSGS observed in patients.
Introduction
Renal fibrosis is characterized by a number of distinct changes including glomerulosclerosis, interstitial fibrosis, tubular atrophy, peritubular capillary loss, and inflammation
Materials and Methods

Animals
All experimental procedures were in accordance with the guidelines of the International Association for the Study of Pain and were approved by the Animal Research Committee of our institution. Male Sprague-Dawley rats weighing 180-200 g were used in this study. A rat model of nephropathy was induced by intravenous injections of ADR (4 mg/kg at the first week and 2 mg/kg at the fourth week; n=15) after the right kidney was extirpated as described previously [8] . Age-and body weight-matched rats with shamoperation and saline injection were used as controls (n=15). In additional group, FSL was given in ADR rats (1 mg/kg/day, i.p., 6 weeks; n=20). Urine samples were collected before the surgery and at the end of each week. Then, urinary protein concentrations were determined by colorimetric assay (Bio-Rad) using bovine serum albumin (BSA) as the standard. Proteinuria was confirmed by urinary protein concentrations in samples. At the end of the sixth week rats were sacrificed. Then, blood samples were collected, and the kidney was removed and weighted for biochemical measurements.
Podocyte culture and treatment
Conditionally immortalized mouse podocyte cells were maintained at 33°C for proliferation in RPMI 1640 containing 10% fetal bovine serum (Gibco) and 10U/ml of recombinant mouse γ-interferon (Invitrogen). They were then moved to 37°C for differentiation and cultured without γ-interferon. When they grew to about 80% confluence, podocytes were treated without treatment as control; and with 6 ng/ ml of TGF-β1 (Invitrogen) in serum-free medium and incubated with FSL (0.5µg/ml) and they were then moved to 37°C and treated with 6 ng/ml of TGF-β1 for 48 hours. Thus, the cultured podocytes were divided as control; TGF-β1-treatment; TGF-β1-treatment with FSL.
Western Blotting analysis
Total protein in tissue and in cells was extracted cells was extracted by homogenizing sample in ice-cold immunoprecipitation assay buffer with protease inhibitor cocktail kit (Roche). The lysates were centrifuged and the supernatants were collected for measurements of protein concentrations using a bicinchoninic acid assay reagent kit. Fifty microgram of total protein was loaded to run 7.5% or 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the protein was transferred to nitrocellulose membranes (GE Healthcare Biosci). Then, the membranes were incubated for 30 minutes in 5% low-fat milk prepared with Tris-buffered saline containing 0.05% Tween-20 (TTBS). Subsequently, the membranes were incubated with primary antibodies as the rabbit anti-PAR2, anti-nephrin, anti-TGF-β1, anti-caspase-9 and anti-desmin (1:200-1:500, obtained from Neuromics and Abcam Co). After being fully washed, the membrane was incubated with horseradish peroxidase-linked anti-rabbit secondary antibody (1:250) and visualized for immunoreactivity. Likewise, the protein expression of PKA and PKCɛ was also determined. Rabbit anti-PKCɛ (1:500) and anti-PKA (1:500) primary antibodies (all obtained from Abcam Co), and goat anti-rabbit secondary antibody (1:250) were applied. The membrane was also processed to detect β-actin or GADPH for equal loading. The bands recognized by the primary antibody were visualized and the optical densities of protein bands were analyzed using the ImageJ software.
ELISA
The levels of IL-1β, IL-6 and TNF-α were determined using an ELISA assay kit (Promega Corp. Madison, WI) according to the provided description and modification. Briefly, polystyrene 96-well microtitel immunoplates were coated with respective affinity-purified rabbit anti-IL-1β, anti-IL-6 and anti-TNF-α antibodies. Parallel wells were coated with purified rabbit IgG for evaluation of nonspecific signal. After overnight incubation at room temperature and 2 hours of incubation with the coating buffer containing 50 mM carbonate buffer (pH 9.5) in 2% BSA, plate were washed with 50 mM Tris-HCl . After extensive washing, the diluted samples and IL-1β, IL-6 and TNF-α standard solution were distributed in each plate, respectively, and left at room temperature overnight. The plates were then washed and incubated with their respective anti-galactosidase per well. Then, the plates were washed and incubated with substrate solution. After an incubation of 2 hours at 37°C, the optical density was measured using an ELISA reader.
Histopathological examination
Kidneys from the control rats and ADRN rat were fixed in 10% formalin solution for 24 hours. After automated dehydration through a graded-alcohol series, transverse kidney slices were embedded in paraffin, sectioned at 3 μm and processed with periodic acid-Schiff staining. For the histopathological assessment of glomerular injury a modified form of grading scales (scores of 0-4) was used accordingly to the percentage of glomerular involvement [9] . Three sections per rat were randomly chosen for analysis to obtain averaged data. The sections were analyzed in a blind manner.
Statistical analysis
All data were analyzed using a two-way repeated-measures analysis of variance. Values were presented as means ± standard error of mean (SEM). For all analyses, differences were considered significant at P < 0.05. All statistical analyses were performed by using SPSS for Windows version 17.0 (SPSS, USA).
Results
Expression of PAR2 pathway
ADR injection significantly increased the protein expression of PAR2 and its downstream pathways, namely PKA and PKCε in the renal tissues ( Fig. 1A ; P < 0.05 vs. controls; n=6-8 in each group). Moreover, systemic administration of FSL blocking PAR2 attenuated the exaggerated PKA and PKCε expression in ADRN rats ( Fig. 1B ; P < 0.05 vs. ADRN rats without FSL; n=6) and there was no significant difference observed in the levels of PKA and PKCε between control animals and ADRN rats given with FSL (P > 0.05). This result was suggesting effectiveness of FSL used in this study. (C): Administration of ADR also amplified the levels of IL-1β, IL-6 and TNF-α in the renal tissues (n=15). Treatment of FSL attenuated the amplified PICs. *P <0.05 vs. control rats (n=15) and ADRN rats with FSL (n=20).
Fig. 2.
Effects of ADR on protein expression of nephrin, TGF-β1, caspase-9 and desmin in the renal tissues. Nephrin was decreased in ADRN rats, but TGF-β1, caspase-9 and desmin were upregulated in ADRN rats. The effects of ADR were attenuated after blocking PAR2 using FSL. The top panel and bottom panel are typical bands and averaged data, respectively. *P < 0.05 vs. control rats and ADRN rats with FSL (n=6-8 in each group).
caspase-9 and desmin were upregulated in ADRN rats (P < 0.05 vs. control rats for all the proteins). Note that FSL significantly attenuated the effects of ADR on nephrin, TGF-β1, caspase-9 and desmin (n=6). There were no significant differences in these mediators between control animals and ADRN animals that were given with FSL (P > 0.05 for all the proteins). Figure 3 shows that as compared with the control group, protein expression of nephrin in cultured TGF-β1-treated podocytes was decreased (P < 0.05), whereas protein expression of desmin and caspase-9 was increased (P < 0.05). In addition, FSL significantly attenuated a reduction in nephrin as well as amplifications in desmin and caspase-9 induced by 48 hours of TGF-β1 treatment. ) showing the protein expression levels of nephrin were decreased and desmin and caspase-9 were increased in cultured TGF-β1-treated podocytes. As FSL was applied to inhibit PAR2 signal these changes were diminished. *P < 0.05 vs. control and β1-treated podocytes with FSL treatment. The levels of urinary protein began to increase 3 weeks after ADR injection and reached to a high level at the sixth week (n=15). *P < 0.05 vs. control rats (n=15) and ADRN rats given with FSL (n=20). (C): The ratio of kidney weight (KW) to body weight (BW) and serum creatinine in ADRN rats (n=15) were amplified as compared with control animals (n=15). Administration of FSL significantly attenuated these abnormalities in ADRN animals (n=20). *P < 0.05 vs. control rats and ADRN rat with treatment of FSL. No significant difference was observed in blood urea nitrogen among three groups.
Effects of Blocking PAR2 on expression of nephrin, desmin and caspase-9
Effects of Blocking PAR2 on Glomerular Abnormalities
The renal tissue sections from control rats showed the normal preserved structure. Real tissue of ADRN rat showed glomerular injury. i.e., accumulation of mesangial matrix was observed in tissue of ADRN rats (Fig. 4A ). There was a significant increase in the renal injury score in ADRN rats as compared with that of control rats. As FSL was given, the accumulated mesangial matrix injury was greatly improved as indicated by a decrease of injury score (P<0.05; 3.52±0.35 in ADRN rats vs. 1.25±0.22 in ADRN rats with injection of FSL).
The levels of urinary protein began to significantly increase 3 weeks after ADR injection and reached to a higher level at the sixth week ( Fig. 4B; n=15) . Administration of FSL effectively attenuated amplified urinary protein (P < 0.05 vs. ADRN rats; n=15 in ADRN rats and n=20 in ADRN rats with FSL). In addition, the ratio of kidney weight to body weight, and serum creatinine were increased in ADRN rats as compared with control animals (Fig. 4C) . Systemic administration of FSL significantly improved these abnormalities in ADRN animals.
Discussion
ADR-induced nephropathy model has been considered as an analogue of human FSGS [10] . Using the same rat model, in the present study we showed that expression of PAR2-PKCε/PKA signal pathway is amplified after application of ADR accompanied with increases of PICs. TGF-β1 signaling activity plays a key role in the accumulation of extracellular matrix (ECM) in ADRN [11] . As reported previously [11] , our present study also demonstrated upregulation of TGF-β1 and that the important molecular mediators engaged in the development of ADRN are altered. Specifically, the protein expression of nephrin is downregulated in ADRN rats, whereas caspase-9 and desmin are amplified with TGF-β1 and PICs. Importantly, these changes are largely reversed by blocking PAR2 in association with the improved abnormalities in urinary protein and serum creatinine of ADRN animals, suggesting the role played by PAR2 signaling in modulating ADRN.
In general, podocytes are the target of injury in chronic glomerular diseases. In these diseases, TGF-β1 is secreted by mesangial cells and stored in ECM as latent complexes, and then transported to podocyte surface [12] . On podocytes, TGF-β1 binds to its receptor and activates its downstream signaling pathways including Smad, MAPK, ERK and PI3K to modulate the expression of its target genes [13] [14] [15] . TGF-β1 protein increases in these podocytes with the cellular lesions of FSGS [13, 16] . It has been reported that TGF-β1 reduces podocyte adhesion through α3β1 integrin downregulation and thus induces podocyte apoptosis [17] . In addition, podocytes undergo apoptosis at early stages in the course of progressive glomerulosclerosis in TGF-β1 transgenic mice [18, 19] . A prior study has demonstrated that local production of TGF-β1 leads to the progression of podocyte damage [14] . In the cultured murine podocytes, it was also reported that TGF-β1 induces podocyte apoptosis [20] . Consistent with the previous findings, in our current study we observed upregulation of TGF-β1 in ADRN animals and this was accompanied with increases of caspase-9 indicating cell apoptosis. Interestingly, we also observed that PAR2 pathway was amplified by ADR and blocking PAR2 signaling attenuated the protein levels of TGF-β1 and caspase-9 in ADRN animals. This indicates that PAR2 is likely involved in TGF-β1-induced podocyte injury.
Moreover, the apoptosis in TGF-β1-treated podocyte is linked to impaired nephrin and upregulated desmin, suggesting that these molecular protein mediators are necessary in involvement of TGF-β1 signal engaged in podocyte damage induced by ADR. Results of our current study support this notion because we observed the similar changes of nephrin and desmin in renal tissues of ADRN rats.
Nephrin is a transmembrane protein that is a structural component of the slit diaphragm and necessary for the proper functioning of the renal filtration barrier [21] [22] [23] . The renal filtration barrier consists of fenestrated endothelial cells, the glomerular basement membrane, and the podocytes of epithelial cells [21] [22] [23] . They are present on the tips of the podocytes and maintain the normal relationship between the basement membrane and the podocytes of the epithelial cells. Nephrin regulates a number of pathways in the podocyte, suppresses cell death and apparently forms a complex with podocin [21] . Thus, depletion of nephrin and podocin is associated with degradation of the foot process [21] . A defect in the gene for nephrin, NPHS1, is associated with congenital nephrotic syndrome of the Finnish type and causes massive amounts of protein to be leaked into the urine or proteinuria [24] . Nephrin has also been used as a biomarker for kidney diseases [25] . Many factors inducing podocyte injury increase the levels of nephrin and direct evidence further shows that nephrin is very important in improving podocyte apoptosis of nephropathy including ADRN [26] [27] [28] [29] . In our present study, we found that nephrin is impaired in ADRN rats. Inhibition of PAR2 signal can restore the expression levels of nephrin protein and improve urinary protein and serum creatinine of ADRN animals, indicating the crucial role played by PAR2 in mediating podocyte injury induced by ADRN.
Desmin is a type III intermediate filament that integrates the sarcolemma, Z disk and nuclear membrane in sarcomeresand regulates sarcomere architecture [30] . In adult muscle, desmin forms a scaffold around the Z-disk of the sarcomere and connects the Z-disk to the subsarcolemmal cytoskeleton [31] . It links to the myofibrils laterally by connecting the Z-disks [30] . Through its connection to the sarcomere, desmin connects the contractile apparatus to the cell nucleus, mitochondria, and post-synaptic areas of motor endplates [30] . These connections maintain the structural and mechanical integrity of the cell during contraction while they also help in force transmission and longitudinal load bearing [31, 32] . Upregulated desmin expression is a defense mechanism in maintaining normal sarcomere alignment amidst disease pathogenesis [33] . There is evidence that desmin also connects the sarcomere to the ECM through desmosomes which is likely important in signaling between the ECM and the sarcomere in regulating tissue contraction and movement [32] . Of note, prior studies suggest that desmin is a sensitive marker of podocyte injury [34] . Also, desmin mRNA and protein are increased in cultured mouse podocytes and in vivo study it has been reported that desmin is increased in damaged mouse podocytes by insults of numerous kidney disorders, suggesting that desmin is involved in podocyte injury [35, 36] . Moreover, recovering protein levels of desmin expression play a protective role in regulating injured podocytes [37] [38] [39] . Consistent with this notion, in the current study we found that desmin is exaggerated in renal tissues of ADRN rats. Moreover, our findings showed that inhibition of PAR2 signal pathway alleviates the exacerbated expression of desmin.
In the present study, we further examined the effects of PAR2 on podocyte injury in vitro experiments. Results showed that in cultured TGF-β1-treated podocytes, nephrin was decreased and caspase-9 and desmin were increased. Importantly, our data further demonstrated that FSL largely restored downregulation of nephrin induced by TGF-β1 in podocytes. Application of FSL also significantly attenuated the amplified protein expression of desmin and caspase-9 induced by TGF-β1 in podocytes. These results are consistent with the data in vivo experiment observed in this report. Nonetheless, our data support the idea that inhibition of PAR2 signal pathway plays a protective role in the process of FSGS. We further provided evidence that podocytes are an important player in mediating the effects of PAR2 signal.
Conclusions
Results of this study suggest that PAR2 plays an important role in mediating renal injury induced by glomerulosclerosis. Our results further indicate that blocking PAR2 signal pathway has a protective effect on FSGS via PIC and TGF-β1 mechanisms, which need involvement of nephrin and desmin. Targeting one or more of these signaling molecules may present new opportunities for treatment and management of FSGS observed in patients.
